Delivery of therapeutic molecules through the skin is gaining tremendous scientific attention over the years. Though delivery of therapeutics through the skin is non-invasive, simple and provides a lot of benefits to patients, it is very challenging as the skin provides a protective barrier against external influences[@b1]. The outermost layer of skin, stratum corneum (SC) is made up of keratin-filled, non-viable cells embedded in a crystalline intercellular lipid domain[@b2] and impermeable to almost all compounds and drugs having a molecular weight of more than 500 Da[@b3]. Therefore, attempts have been made in the past to examine the innovative novel methods to increase the permeability of skin[@b4][@b5][@b6][@b7][@b8][@b9][@b10]. Skin delivery is mainly focused either on topical delivery to treat local skin conditions or transdermal drug delivery, which involves the delivery of drugs through skin layers into systemic circulation[@b4]. Topical delivery offers several advantages over the conventional dosage forms (oral and intravenous) like avoidance of first-pass metabolism, ease of application, reduces the enzymatic degradation associated with oral delivery, improved patient compliance, and controlled release of drugs[@b4][@b11].

Recently, peptides have been emerged as safer alternatives to enhance the delivery of small and large molecules into and across the skin[@b12]. In this context, transdermal delivery of therapeutics using cell-penetrating peptides (CPPs) is an attractive and novel approach[@b11]. CPPs constitute a family of small peptides, which have an inherent ability to traverse biological membrane without causing significant membrane damage[@b13][@b14][@b15]. Therefore, in the past, CPPs have been used widely for the intracellular delivery of many therapeutic molecules such as siRNA[@b16][@b17], protein[@b18], and peptides[@b19] *in vitro* and *in vivo*. However, use of peptides as the transdermal delivery system is new[@b12] and still in its infancy. In the recent past, a few studies have shown that small peptides such as TAT[@b20], polyarginine[@b21], meganin[@b22], penetratin[@b23], TD-1[@b24] and SPACE-peptide[@b25] can penetrate the skin's protective barriers to get to the deeper layers and enhance the transdermal delivery of various therapeutic molecules like siRNA[@b26], cyclosporine A[@b27], insulin, etc. The results of these studies are promising and raise hope for CPPs to be used as a transdermal delivery system to combat skin diseases.

We recently identified and characterized a novel human protein-derived arginine-rich CPP, IMT-P8 (IMT-P8; Institute of Microbial Technology-Peptide 8)[@b28] using *in silico* prediction algorithm, CellPPD[@b29] and followed by experimental validation. The aim of the present study was to investigate the cargo delivery capability of IMT-P8 in different model systems, including topical delivery. Because IMT-P8 is a novel CPP and its cargo delivery potential was not explored previously, first we have examined the type of cargo IMT-P8 could deliver. Before performing experiments on mouse skin for topical delivery, we first examined the delivery of cargoes using IMT-P8 on continuously growing human cells. These *in vitro* experiments confirmed that IMT-P8 is capable of delivering cargoes (FITC, peptide and protein) into variety of human cells. Next, we sought to determine whether IMT-P8, which possesses the ability to cross the plasma membrane barrier of human cells, could also cross the stratum corneum the outermost dead cell layer of skin and deliver cargoes into the skin layers. Many CPPs *i.e.* TAT[@b30], penetratin[@b31] and oligoariginine[@b32] have been reported previously to deliver cargoes (nucleic acid, protein, peptides, *etc*) in different cell lines. Later, several studies demonstrated the skin penetrating efficiency of these CPPs and cargo complexes on laboratory animal skin[@b21][@b33][@b34][@b35]. Therefore, in the present study, we have also evaluated the cargo delivery potential of IMT-P8 in different model systems.

We constructed IMT-P8-GFP fusion protein and IMT-P8-KLA fusion peptide to investigate the delivery of GFP and proapoptotic peptide, KLA into mouse skin as well as in various cancer cell lines. Our results demonstrate that IMT-P8 facilitates the delivery of GFP and KLA into mouse skin and in different human tumor cells at very low concentration suggesting that IMT-P8 might be beneficial for the treatment of local skin infections and various cosmetic applications.

Results
=======

*In vitro* delivery of KLA by IMT-P8
------------------------------------

In order to examine the type of cargo IMT-P8 could deliver, first, KLA, a pro-apoptotic peptide, was conjugated to IMT-P8. Internalization of FITC-labeled IMT-P8-KLA in various human tumor cells (HeLa, MDA-MB-231 and PC3 cells) was monitored by incubating the cells with IMT-P8-KLA and KLA alone (2.5 μM) for 30 min at 37 °C followed by flow cytometry analysis. Since flow cytometry does not differentiate between the fluorescence obtained from internalized peptide and surface bound peptides; therefore, after treatment with FITC labeled peptides, cells were rinsed with heparin (100 μg/ml) and incubated with trypsin (1 mg/ml) for 10 min at 37 °C to remove the extracellular membrane-associated peptides[@b36]. The results of flow cytometry analysis are shown in [Fig. 1](#f1){ref-type="fig"}. A significant intracellular FITC fluorescence was observed in HeLa ([Fig. 1A,B](#f1){ref-type="fig"}), MDA-MB-231 ([Fig. 1C,D](#f1){ref-type="fig"}) and PC3 cells ([Fig. 1E,F](#f1){ref-type="fig"}) incubated with IMT-P8-KLA. In contrast, negligible fluorescence was observed in the case of cells treated with FITC-KLA peptide ([Fig. 1](#f1){ref-type="fig"}). These results suggested that IMT-P8 efficiently delivered KLA peptide, which cannot internalize by its own, into the cancer cells.

Since KLA is a cationic amphipathic peptide and has been previously reported to accumulate in mitochondria[@b37], we next examined the intracellular localization of IMT-P8-KLA. For this, HeLa cells treated with IMT-P8-KLA (2.5 μM) were analyzed by confocal-laser scanning microscopy (CLSM). As shown in [Fig. 2A](#f2){ref-type="fig"}, IMT-P8-KLA internalized into the HeLa cells as a complete cytosolic fluorescence was observed in HeLa cells while no fluorescence was observed in the cells treated with KLA alone. These results were consistent with the fluorescence-activated cell sorting (FACS) analysis. CLSM analysis of cells treated with FITC-IMT-P8-KLA revealed its co-localization with MitoTracker, a mitochondria-specific dye ([Fig. 2B](#f2){ref-type="fig"}) suggesting the accumulation of IMT-P8-KLA into the mitochondria. In contrast, under the same condition, FITC-IMT-P8 did not show any co-localization with Mitotracker dye ([Fig. 2B](#f2){ref-type="fig"}) suggesting the specific mitochondrial targeting ability of IMT-P8-KLA. Since KLA is well known pro-apoptotic peptide that induces apoptosis of the cells by disrupting mitochondrial membrane, next we sought to examine the functional activity of IMT-P8-KLA inside the cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. For this, HeLa cells were incubated with increasing concentration (0, 5, 10 and 20 μM) of unlabeled IMT-P8-KLA and KLA alone for 24 h followed by determination of cell death using MTT assay. A dose-dependent decrease in cell viability was observed in all cell lines examined ([Fig. 3](#f3){ref-type="fig"}). A significant decrease in cell viability was observed at 20 μM. All these results confirmed that IMT-P8 delivered KLA peptide into the cells and after internalization, IMT-P8-KLA localized to mitochondria where it causes cell death by disrupting the mitochondrial membrane.

Purification of recombinant TAT-GFP and IMT-P8-GFP
--------------------------------------------------

The GFP, TAT-GFP and IMT-P8-GFP-expressing vectors were constructed as explained in methods. For protein production and purification, *E. coli* BL21DE3star (pLysS) (Invitrogen) cells were transformed with the constructs mentioned above and recombinant proteins were expressed as soluble proteins. Recombinant proteins GFP (\~27 kDa), TAT-GFP (\~29 kDa), and IMT-P8-GFP (\~29 kDa) were confirmed by Coomassie brilliant blue staining ([Fig. 4A](#f4){ref-type="fig"}).

*In vitro* delivery of GFP by IMT-P8
------------------------------------

Next, to assess if IMT-P8 could carry large macromolecules such as GFP protein into the cells, internalization of IMT-P8-GFP was monitored by incubating HeLa cells with IMT-P8-GFP (5 μM) followed by flow cytometry analysis. Uptake of IMT-P8-GFP was compared with TAT-GFP and GFP alone. Before analysis, treated cells were rinsed with heparin (100 μg/ml) and incubated with trypsin (1 mg/ml) for 10 min to remove any membrane-associated protein[@b36]. As shown in [Fig. 4B,C](#f4){ref-type="fig"}, a considerable higher GFP fluorescence intensity was observed in HeLa cells treated with IMT-P8-GFP compared to cells treated with TAT-GFP. Negligible fluorescence was observed in the cells treated with GFP alone. Similar observations were also observed when PC3 and RWPE-1 cells incubated with IMT-P8-GFP and TAT-GFP (data not shown). Approximately, 60% HeLa cells were found to be GFP-positive when treated with IMT-P8-GFP compared to cells treated with TAT-GFP in which only 25% cells were GFP-positive ([Fig. 4D](#f4){ref-type="fig"}) suggesting that uptake of IMT-P8-GFP was efficient and higher than TAT-GFP.

To further confirm the internalization and to determine the intracellular localization of IMT-P8-GFP, HeLa cells were incubated with IMT-P8-GFP (5 μM) for 1 h at 37 °C and examined using confocal microscopy. As shown in [Fig. 4E](#f4){ref-type="fig"}, IMT-P8-GFP internalized in the HeLa cells, which were consistent with the FACS analysis. A punctate pattern of IMT-P8-GFP fluorescence was observed indicating the presence of IMT-P8-GFP into the vesicular compartments after internalization ([Fig. 4E](#f4){ref-type="fig"}). These results were similar to our previous observation with the IMT-P8 peptide that also showed a punctate fluorescence pattern and reminiscent of an endocytic mechanism of uptake[@b28]. Taken together all these results, it can be suggested that IMT-P8 delivered GFP more efficiently that TAT peptide into HeLa cells and IMT-P8-GFP was internalized through endocytosis.

Skin penetrating properties of IMT-P8 *in vivo*
-----------------------------------------------

Given the results demonstrating that IMT-P8 is capable of transporting KLA and GFP into human tumor cells, we wanted to investigate further whether IMT-P8 has the ability to penetrate SC, the outermost layer of the skin and enter into the epidermis, so that it could be used as carrier for topical and/or transdermal delivery of peptides and proteins. To address this, FITC-labeled IMT-P8 (15 μl of 1 mM) was applied topically to shaved mouse skin and the degree of skin penetration of IMT-P8 was examined 2 and 24 h after the topical application by analysis of the frozen skin sections under the confocal microscope. Since TAT has been used for topical delivery of cargoes in earlier studies[@b38], FITC-TAT was also applied topically as a positive control while only PBS was used as the vehicle. As shown in [Fig. 5](#f5){ref-type="fig"}, after 2 h, the skin sections treated with FITC-IMT-P8 and FITC-TAT revealed a significant green fluorescence throughout the epidermis and diffused fluorescence in the dermal tissue suggesting that IMT-P8 has the ability to penetrate SC and internalized into the epidermis. Along with epidermis, a clear green fluorescence in the hair follicles was also observed in the sections of skin treated with peptides (IMT-P8 and TAT) for 24 h suggesting the penetration of the peptides in the hair follicles ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). However, the intensity of green fluorescence was higher in the epidermis. No significant fluorescence was observed when only PBS was applied topically. Quantitation by compiling data from two-dimensional surface plots indicated that the FITC fluorescence intensity was 30.43 ± 6.46 and 18.733 ± 5.50 arbitrary units for FITC-IMT-P8 and FITC-TAT respectively ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). These results demonstrate that similar to TAT, IMT-P8 also has the ability to penetrate mouse skin.

*In vivo* skin delivery of GFP and KLA using IMT-P8
---------------------------------------------------

The penetration ability of IMT-P8 into the mouse skin following topical application prompted us to investigate further the potential of delivery of GFP and KLA into the skin using IMT-P8. For this, IMT-P8-GFP, TAT-GFP and GFP (30 μg each) were applied topically on shaved skin of adult mice. The animals were sacrificed 24 h later, and frozen vertical sections of the treated region were examined by confocal microscopy. It was noted that in the case of GFP only, negligible green fluorescence was observed outside SC, in epidermis and dermis ([Fig. 6](#f6){ref-type="fig"}), while a considerable high green fluorescence was observed in both epidermis, hair follicles, and in deeper layers of skin when treated with IMT-P8-GFP and TAT-GFP ([Fig. 6](#f6){ref-type="fig"}). Quantitation by compiling data from two-dimensional surface plots indicated that GFP intensity was higher in the skin section treated with IMT-P8-GFP compared to TAT-GFP ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). In addition, IMT-P8-GFP fluorescence was localized to specific regions in the epidermis and dermis. These results suggested that IMT-P8-GFP and TAT-GFP were able to penetrate both the epidermis and dermis while GFP alone was not able to penetrate the skin.

Similar findings were observed when FITC labeled IMT-P8-KLA and KLA (each 15 μL of 1 mM) were applied topically on mouse skin. After the 2 h incubation, a considerably higher FITC fluorescence was observed in the epidermis in the case of IMT-P8-KLA ([Supplementary Table S1](#S1){ref-type="supplementary-material"}) whereas no significant fluorescence was observed in the epidermis in case of KLA alone ([Fig. 7](#f7){ref-type="fig"}). A significant fluorescence was observed inside the hair follicles after 24 h suggesting the penetration of IMT-P8 KLA into the hair follicles ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). Little fluorescence was seen inside the hair follicles in the case of KLA. Skin treated with PBS alone showed no fluorescence. All these results demonstrated that IMT-P8 not only penetrates the SC but also is capable of transporting macromolecules like GFP and KLA into the skin.

Discussion
==========

Over the last decade, small peptides have emerged as potential alternatives to treat various diseases, including diabetes, oncology, and metabolic, cardiovascular, and infectious diseases[@b39][@b40][@b41]. The growth in the development of various therapeutic peptide databases[@b13][@b42][@b43][@b44][@b45][@b46][@b47][@b48][@b49], as well as the *in silico* algorithms for the prediction of important properties of peptide like toxicity[@b50][@b51], half-life[@b52], antigenicity[@b53][@b54][@b55][@b56], etc has expedited the peptide-based research. Among the various classes of therapeutic peptides, CPPs have garnered tremendous scientific attention as attractive drug delivery vehicle[@b41][@b57]. The CPP, IMT-P8 is an arginine-rich human protein-derived novel cell-penetrating peptide, which was discovered and characterized recently[@b28] using integrated *in silico*[@b29] and experimental approach. However, the cargo delivery capability of IMT-P8 had not been investigated previously. Therefore, the aim of the present study was to determine the cargo delivery capability of IMT-P8. In this context, first, we have examined the cargo delivery ability of IMT-P8 in various human tumor cell lines, including HeLa and PC3 cells.

We examined whether IMT-P8 can deliver small cargoes like a small peptide. Therefore, we selected KLA peptide as cargo, which is a small cationic amphipathic mitochondrial membrane-disrupting peptide, which causes mitochondrial membrane swelling leading to apoptosis when delivered inside the cells[@b58][@b59]. However, KLA cannot disturb plasma membrane and thus it is not toxic to eukaryotic cells. But when conjugated to CPPs, KLA becomes toxic because it can cross the plasma membrane and disrupt the negatively charged mitochondrial membrane and release cytochrome C[@b59]. Therefore, we have also examined this possibility whether IMT-P8 can deliver KLA inside the eukaryotic cells and cause cell death. Flow cytometry analysis of HeLa cells incubated with FITC-IMT-P8-KLA fusion peptide revealed the efficient internalization of IMT-P8-KLA into the HeLa cells, and these results were further confirmed by confocal microscopic analysis. As expected, KLA alone did not internalize into the cells. Interestingly, after internalization, IMT-P8-KLA got distributed throughout the cytoplasm and nucleus. Also, a major proportion of IMT-P8-KLA was localized to mitochondria. These results were consistent with the previous study where CPP-KLA was shown to accumulate into the mitochondria[@b60]. In contrast, the intracellular distribution of FITC-IMT-P8 was altogether different than FITC-IMT-P8-KLA and it did not localize to mitochondria. A punctate cytoplasmic pattern of FITC fluorescence was observed when HeLa cells were treated with FITC-IMT-P8 peptide suggesting that significant portion of IMT-P8 was entrapped into the vesicular compartments and this observation was in agreement with the previous findings that IMT-P8 internalized by endocytosis[@b28]. These results suggested that both IMT-P8 and IMT-P8-KLA internalized by endocytosis and after internalization, IMT-P8 got entrapped in the endosomes while IMT-P8-KLA could escape from the endosomes by perturbing the endosomal membrane and subsequently entered into nucleus and mitochondria. KLA is mitochondrial-disrupting peptide and causes cell death by mitochondrial membrane disruption[@b37]. Therefore, in order to ascertain the functionality of IMT-P8-KLA inside the cells, we examined the cell viability of HeLa cells treated with IMT-P8-KLA after 24 h incubation. IMT-P8-KLA caused significant cell death whereas both IMT-P8 and KLA alone were not effective at any concentration tested. All these results suggested that IMT-P8 delivered KLA successfully inside the human tumor cells, and the internalized peptide was functional.

Next, in order to determine whether IMT-P8 can translocate a large molecule, we chose GFP as cargo. GFP does not have the ability to internalize into the cell on its own, and it is endogenously fluorescent; therefore, the *in vitro* and *in vivo* localization can easily be monitored. Flow cytometry and confocal studies with HeLa ([Fig. 4E](#f4){ref-type="fig"}), RWPE-1 and PC3 cells (data not shown) treated with IMT-P8-GFP confirmed that IMT-P8 is capable of delivering GFP into the cells even after 30 min as a significant GFP fluorescence was observed in these cell lines. In the previous study, uptake of IMT-P8 was found to be significantly higher than TAT, a widely used CPP. Here also, uptake of IMT-P8-GFP was significantly higher than TAT-GFP. The uptake mechanism of IMT-P8-GFP was supposed to be similar to IMT-P8 as a punctate cytoplasmic fluorescence was observed in HeLa cells treated with both IMT-P8-GFP and IMT-P8. Taken together all these results, it can be concluded that IMT-P8 is capable of transporting cargoes of different sizes ranging from small molecules like FITC and small peptides to large macromolecules.

Since peptides are unstable in the gastrointestinal tract and thus cannot be administered by oral route[@b40]. Therefore, most CPP-based formulations can be administered by intravenous route only, which is invasive and thus it is not beneficial to patients particularly when repetitive doses are required. Ideally, a drug delivery system should be non-invasive, painless, easy to use and provides better patient compliance. In this context, the transdermal delivery route has garnered tremendous attention over the last few years. Transdermal delivery of therapeutic molecules offers numerous advantages over the conventional oral delivery and injection. Though skin delivery has tremendous potential because of large surface area and easy accessibility, it is very challenging as skin serves as self-protection barrier and blocks the penetration of the extraneous molecules. Skin tissue consists of the four different layers: stratum corneum, viable epidermis, dermis and subcutaneous connective tissue[@b11]. Among these, the outermost layer is SC, which protects the entry of external materials into the skin. In the recent past, considerable efforts have been made to investigate the CPP-mediated transdermal delivery of therapeutic molecules like proteins[@b33], nanoparticles[@b61], hyaluronic acid[@b62], small molecule drugs[@b27], siRNA[@b26], insulin[@b24], etc. In these studies, CPPs have been found to enhance the permeation of therapeutic molecules by the local topical administration in the skin for treating various diseases, including psoriasis and atopic dermatitis.

Given the results demonstrating that IMT-P8 can deliver cargoes into the cells *in vitro*, next we sought to examine whether IMT-P8 is able to penetrate the mouse skin and deliver the cargoes into the skin layers *in vivo*. After 2 h of topical application, IMT-P8 crossed the SC, and accumulated into the epidermis. Little accumulation in dermal tissue was also observed suggesting that IMT-P8 can penetrate the skin ([Fig. 5](#f5){ref-type="fig"}). After 24 h, along with accumulation in the epidermis, a strong green fluorescence was observed inside the hair follicles indicating the presence of IMT-P8 inside the hair follicles ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). Similar observation was seen when fusion molecules, IMT-P8-GFP and IMT-P8-KLA were applied topically suggesting that IMT-P8 capable of delivering protein and peptide cargoes into the skin. Earlier, Johnson LN *et al.*[@b63] have reported the topical delivery of GFP using POD peptide on mice skin. They have shown that after topical application, POD-GFP was accumulated in the epidermis and inside the hair follicles. Our results were in close agreement with these previous findings.

The mechanism by which IMT-P8 internalized into the skin is not clear yet. But it seems that the mechanism for the skin penetration of IMT-P8 is somehow different from the plasma membrane penetration. IMT-P8 internalized cancer cells through macropinocytosis but in the case of skin, the SC is composed of non-viable cells and thus endocytosis is not expected. In the past, many studies have been performed on the use of small peptides to deliver cargoes into the skin[@b21][@b33][@b34][@b35]. However, the exact mechanism of peptide transport through skin layers is not fully understood. It has been suggested that arginine-rich CPPs like TAT and oligoarginine have a net high positive charge due to the arginine. After interaction with the negatively charged skin cell surfaces, they are transported through various skin layers using three major routes including transcellular, appendage, and intracellular (extracellular matrix) routes[@b11]. In the past, a few studies have been carried out reporting the localization/ route of small peptide penetration through skin layers. Chen Y *et al.*[@b24] have shown the delivery of insulin by TD-1 peptide via skin. In this study, authors have shown the accumulation of FITC labeled-insulin inside the hair follicles following topical application suggesting the involvement of transfollicular route in the insulin delivery using TD-1 peptide. In a different study, Johnson LN *et al.*[@b63] have also shown the penetration of POD-GFP into the hair follicles. In the present study, we have also observed the accumulation of IMT-P8 into the epidermis and hair follicles as a significant green fluorescence was observed in the epidermis and inside the hair follicles in the skin samples treated with IMT-P8, IMT-P8-KLA and IMT-P8-GFP. Therefore, based on these results as well as on the basis of previous research findings from other studies, it can be suggested that IMT-P8 may penetrate into the skin layers using transfollicular route. However, further studies are required to understand the exact mechanism(s) of the IMT-P8-mediated transport into the skin.

In summary, the present investigation demonstrates that IMT-P8 can transport a variety of cargoes into different cancer cell lines more efficiently than the TAT peptide. Apart from the *in vitro* cell-penetrating capability, IMT-P8 is also able to penetrate the skin tissue *in vivo* and can deliver a range of molecules from FITC to KLA to GFP into the mouse skin, which makes IMT-P8 a potential lead molecule to be used in the treatment of various local skin infections and different cosmetics applications.

Methods
=======

Materials
---------

Human cervical cancer cell line HeLa, human prostate carcinoma cell line PC3, human normal prostate epithelium cell line RWPE-1 and breast cancer cell line MDA-MB-231 were all obtained from American Type Culture Collection (ATCC; Manassas, VA). Dulbecco's Modified Eagle's Media (DMEM), RPMI-1640, Ham's F12 nutrient mix, Keratinocyte-SFM, fetal bovine serum (FBS), trypsin, penicillin, streptomycin, Opti-MEM, phosphate buffer solution (PBS, pH 7.4), MitoTracker Red CMXRos (marker for mitochondria), DAPI (marker for nucleus) and antifade reagent were purchased from Molecular Probes (Eugene, OR). MTT reagent and other reagents used for protein expression and purification were purchased from Sigma. BCA protein assay kit was purchased from Pierce. Chloramphenicol, kanamycin and lysozyme were purchased from Sigma. All chemicals used were of analytical grade.

Peptide synthesis
-----------------

The list of peptides used in the present study is summarized in [Table 1](#t1){ref-type="table"}. IMT-P8 was synthesized at peptide synthesizing facility at our Institute of Microbial Technology, Chandigarh, India while rest two peptides KLA and IMT-P8-KLA were purchased from GL Biochem (Shanghai, China). The IMT-P8 peptide was synthesized by solid phase peptide synthesis strategy using Fmoc (N-(9-fluronyl)-methoxycarbonyl) chemistry in 0.01 mmole scale on a Protein Technologies Inc, USA, PS-3 peptide synthesizer as described elsewhere[@b28]. Peptides were labeled with fluorescein isothiocyanate (FITC) using an amino hexanoic acid (ahx) linker at the N-terminus.

Plasmid construction
--------------------

The GFP coding region was amplified from the pEGFP-c1 plasmid (Clontech, USA) and cloned into the NdeI and BamHI sites of expression vector pET28a. TAT-GFP and IMT-P8-GFP were PCR-amplified and cloned into NdeI and XhoI site within the multi-cloning site of an expression vector, pET23a using oligonucleotide pairs ([Supplementary Table S2](#S1){ref-type="supplementary-material"}). This resulted in full-length aforementioned proteins with a C-terminal His 6-tag. All constructions were verified by DNA sequencing.

Recombinant protein purification
--------------------------------

For protein production and purification, *E. coli* BL21DE3star (pLysS) (Invitrogen) cells were transformed with the above-mentioned constructs and expressed as soluble proteins. The transformed cells were grown overnight, and this stock was used to inoculate further 1000 mL LB broth containing 50 μg/mL kanamycin and 34 μg/mL chloramphenicol. The cells were grown at 37 °C in an incubator shaker at 200 rpm to an A~600~ of 0.6 and protein expression was induced with 1 mM IPTG. They were further grown for 4 hrs at 37 °C and harvested by centrifugation. The cell pellet was resuspended in ice-cold buffer A (20 mM Na+ phosphate buffer, pH 7.2 and 300 mM NaCl) containing 0.1 mg/ml lysozyme and incubated on ice for 30 minutes. All subsequent procedures were performed at 4 °C. The cell suspension was sonicated, and the supernatant was collected after centrifugation at 11000 g for 60 min. Since the proteins of interest were either GFP/GFP-fusion constructs, it was possible to ascertain visually their presence in the various steps of the protocol. The supernatant was passed through equilibrated Ni-NTA agarose beads (3 ml of 50% slurry). This was followed by 5 column volumes of washing with buffer A containing 30 mM imidazole to remove non-specifically bound protein. The proteins were eluted in 10 mL buffer A containing 300 mM imidazole. To remove imidazole, the eluted proteins were added separately to Amicon protein concentrators, and the buffer was exchanged three times using buffer A alone (without imidazole). The proteins were finally concentrated 5-fold, and the volume brought down to 2 ml. These proteins were quantitated using BCA protein assay kit (Pierce). This protocol yielded \~3--4 mg protein each of GFP, TAT-GFP, and IMT-P8-GFP. Proteins were aliquoted and stored at −80 °C till further use.

Cell culture
------------

PC3 and MDA-MB-231cells were grown in RPMI medium supplemented with 10% FBS (Gibco) and L-glutamine (2 mM). HeLa cells were cultured in DMEM, supplemented with 10% FBS and 1% penicillin/streptomycin antibiotics (Gibco). RWPE-1 cells were cultured in Keratinocyte-SFM medium (Gibco) supplemented with the human recombinant epidermal growth factor (Gibco) and bovine pituitary extract (Gibco). All cells were maintained at 37 °C in humidified 5% CO~2~ atmosphere.

Quantification of cellular uptake
---------------------------------

To quantify the uptake of CPP-GFP fusion proteins (TAT-GFP, IMT-P8-GFP) and FITC-labeled peptides (KLA, and IMT-P8-KLA), HeLa cells (2.0 × 10^5^ per well) were seeded at 37 °C onto 24-well plates approximately 24 h before the start of experiments. Thereafter, cells were washed with PBS and incubated with either CPP-GFP fusion proteins (5 μM for 1 h) or FITC-labeled peptides (2.5 μM each for 30 min) in OptiMEM medium at 37 °C. Following the above treatment, cells were washed with PBS twice to remove the excess extracellular unbound peptides. Subsequently, cells were rinsed twice with heparin (100 μg/ml) and incubated with trypsin (1 mg/ml) for 10 min to remove non-internalized surface bound peptides or proteins. Following this, cells were centrifuged at 1000 rpm for 5 min, washed and finally suspended in PBS. FITC fluorescence intensity of internalized peptides or proteins in live cells was measured by flow cytometry using Accuri C6 flow cytometer (BD Biosciences) by acquiring 10,000 live cells. Experiments were carried out twice in triplicate. Data was obtained and analyzed using CFlow Sampler (BD Biosciences). The error bars indicate the standard error and untreated cells in media alone were used as controls.

Confocal laser scanning microscopy
----------------------------------

In order to visualize the distribution of internalized FITC labeled peptides and IMT-P8-GFP fusion proteins, HeLa cells (1 × 10^5^ cells) were seeded onto 12 well plates containing 16 mm glass coverslips, 24 h prior to incubation with FITC-labeled peptides or IMT-P8-GFP. After complete adhesion, the cell culture medium was replaced with fresh medium containing FITC labeled peptides (2.5 μM) and IMT-P8-GFP (5 μM), and then the cells were incubated at 37 °C for 30 min. Cells were not fixed to avoid artifactual localization of the internalized peptide. At the end of the incubation period, culture medium was removed, and coverslips were washed thoroughly with PBS for 3--5 minutes (thrice) and mounted on glass slides with the antifade reagent. Localization of FITC-labeled peptides and IMT-P8-GFP in the live cells (unfixed) was analyzed immediately using the Nikon A1R confocal microscope.

For co-localization studies, HeLa cells, grown on coverslips, were incubated with MitoTracker Red CMXRos (100 nM) along with FITC-IMT-P8 and FITC-IMT-P8-KLA (2.5 μM) in serum-free medium for 30 min at 37 °C. Thereafter, cells were washed with PBS thrice and immediately examined using the confocal microscope.

Cell viability assay
--------------------

Cell viability was determined by MTT assay. Briefly, cells (HeLa, PC3 and MDA-MB-231) were seeded at a density of 5 × 10^3^ cells/well in 96-well microtiter plates in medium supplemented with 10% FBS 24 h before the start of the experiment. Cells were incubated with different concentrations (5, 10, and 20 μM, respectively) of unlabeled peptides for 24 h. Control cells did not receive any peptide treatment. At the end of the incubation period, cell growth was assayed by the addition of 20 μl of MTT (5 mg/mL; Sigma-Aldrich) to each well, and plate was incubated at 37 °C for 4 h. Later, the medium was removed carefully, 200 μl DMSO was added and mixed, and the absorbance was read at 570 nm with a microplate reader (Bio-Rad). The survival of cells relative to the control (cells incubated with growth medium containing no peptide) was calculated by taking the ratio of the absorbance at 570 nm values. All the experiments were performed in triplicates.

Animals and ethics statements
-----------------------------

Male BALB/c mice of 6--8 weeks of age and weighing 22--25 g were obtained from the Animal Facility of Institute of Microbial Technology (IMTECH), Chandigarh. Mice were housed in individual cages under standard conditions (Temperature at 22 ± 2 °C, 12 hr light/ dark cycle) and were fed with normal pellet diet and water ad libitum. All the protocols on mice were approved by the Animal Ethics Committee of the IMTECH wide approval no. IAEC/13/21. All experiments on animals were performed as per the guidelines of the Committee for the Purpose of Supervision of Experiments on Animals (CPCSEA), national regulatory body for experiments on animals, Ministry of Environment & Forests, India. Proper care was taken to minimize pain and suffering of mice.

*In vivo* skin delivery of KLA and GFP by IMT-P8
------------------------------------------------

Topical delivery of GFP and KLA by IMT-P8 was evaluated on mice skin. The overall procedure is shown in [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}. Briefly, one day prior to topical application, a small region (2 × 2 cm) on the lateral sides of the abdomen of mice was shaved. Proper care was taken to prevent any damage to mouse skin while shaving. Next day, animals were anesthetized with xylazine/ketamine and 15 μl (stock 1 mM each) of FITC labeled IMT-P8, TAT, KLA, IMT-P8-KLA (n = 4) in PBS or 30 μg of each of the recombinant proteins (GFP, TAT-GFP, and IMT-P8-GFP) were applied to the shaved surface of abdominal skin (n = 6). GFP and PBS were applied to mouse skin as a control. In the case of peptides, the skin was harvested after 2 and 24 h whereas in the case of recombinant proteins it was harvested after 4, 12 and 24 h. However, the data was shown only for 24 h in the case of recombinant proteins. Before harvesting, skin was cleaned with 70% isopropyl alcohol just to remove the surface adsorbed peptide and immediately skin biopsies were fixed overnight in ice cold 4% formaldehyde. Thereafter, these skin samples were washed and immersed in 4.5% sucrose solution for 24 h followed by dehydration in 30% sucrose till deposition. Vertical cryosections (20 μm thickness) were obtained on a freezing microtome (Leica). Cryosections were mounted onto poly-L-lysine coated glass slides in 10 μl of mounting medium (Invitrogen). The skin sections were imaged on the confocal microscope (Nikon). For quantification of mean fluorescence, confocal images were analyzed using software ImageJ (<http://ImageJ.nih.gov/ij/>) developed by National Institutes of Health. Identical regions of each image were measured for each application. ImageJ converts image pixels into brightness values (arbitrary units). Surface plots were developed and brightness values of all the images were measured and represented as mean fluorescence.

Statistical analysis
--------------------

Statistical significance of the differences was determined by the two-tailed Student t-test using Microsoft Excel software. P values \< 0.05 were considered as statistically significant.
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![Cellular uptake of KLA and IMT-P8-KLA as determined by FACS analysis.\
Frequency distributions of FITC fluorescence intensity in (**A**) HeLa, (**C**) MDA-MB-231 and (**E**) PC3 cells incubated with FITC labeled KLA and IMT-P8-KLA. (Cells only: Black; KLA: blue and IMT-P8: Red). Overnight grown HeLa, and MDA-MB-231 cells were incubated with 2.5 μM FITC labeled peptides for 30 min and PC3 cells were incubated with 5 μM peptides for 1 h in serum free medium. After the incubation, cells were washed with PBS, rinsed with heparin (100 μg/ml), and then treated with trypsin (1 mg/ml) at 37 °C for 10 min. Finally cells were suspended in PBS, and subjected to flow cytometry. Bar diagrams showing the uptake of KLA and IMT-P8-KLA as mean cellular fluorescence in (**B**) HeLa, (**D**) MDA-MB-231 and (**F**) PC3 cells from the flow cytometric analysis of all live cells positive for FITC. In **B**,**D**, and **F**, data are expressed as mean ± S.E. based on triplicates of at least two independent experiments. Asterisks indicate significance according to student's t-test (two-tailed); (\*p \< 0.05).](srep26278-f1){#f1}

![Intracellular localization of FITC-labeled peptides in HeLa cells.\
(**A**) Confocal images showing co-localization between FITC-labeled IMT-P8-KLA and Mito Tracker Red. Overnight grown HeLa cells were incubated both with FITC-IMT-P8 (2.5 μM) and Mito Tracker Red (100 nM) for 30 min at 37 °C. Cells were washed with PBS thrice and live cells were imaged. Scale bars are 10 *μm*. The laser intensity and photomultiplier settings have been adjusted to yield the best visualization of each image, and the intensities are thus not directly comparable. (**B**) Images showing the overlapping intensity spectra of FITC (green) and Mito tracker dye (red) along the blue line in merged image in (**A**).](srep26278-f2){#f2}

![Cell viability assay.\
(**A**) HeLa, (**B**) PC3 and (**C**) MDA-MB-231 cells were incubated with increasing concentrations (5, 10, and 20 μM) of peptides in serum containing medium at 37 °C for 24 h. Cell viability was measured by MTT assay. Viability of only cells (without peptide) was taken as 100% and viabilities of cells treated with increasing concentration of peptides were plotted as percentage of control. Results are expressed as mean ± S.E. based on triplicates of at least two independent experiments. Asterisks indicate significance according to student's t-test (two-tailed); (\*p \< 0.05).](srep26278-f3){#f3}

![Characterization of recombinant proteins and cellular uptake of IMT-P8-GFP as determined by FACS analysis.\
(**A**) Identification of recombinant protein (GFP, TAT-GFP and IMT-P8-GFP) by coomassie brilliant blue staining. (**B**) Frequency distributions of GFP fluorescence intensity in HeLa cells incubated with GFP alone, TAT-GFP and IMT-P8-GFP (Cells only: black; GFP: green; TAT-GFP: red; and IMT-P8-GFP: blue). Overnight grown HeLa cells were incubated with 5 μM recombinant proteins for 1 h in serum free medium. After the incubation, cells were washed with PBS, rinsed with heparin (100 μg/ml), and then treated with trypsin (1 mg/ml) at 37 °C for 10 min. Finally cells were suspended in PBS, and subjected to flow cytometry. (**C**) Bar diagram showing the uptake of recombinant proteins as mean cellular fluorescence from the flow cytometric analysis of all live cells positive for GFP. (**D**) Bar diagram showing percentage of the GFP-positive cells. In **C**,**D**, results are expressed as mean ± S.E. based on triplicates of at least two independent experiments. Asterisks indicate significance according to student's t-test (two-tailed); (\*p \< 0.05). (**E**) Intracellular localization of IMT-P8-GFP in HeLa cells as determined by confocal scanning laser microscope.](srep26278-f4){#f4}

![Penetration of IMT-P8 into mouse skin.\
Confocal images demonstrating the penetration of IMT-P8 in mice skin. Briefly, 15 μL of 1 mM peptides (FITC labeled TAT and IMT-P8) were topically applied onto a shaved area of mouse skin. Frozen vertical sections of skin tissues were obtained 2 h after the application of peptides and observed by a confocal laser-scanning microscope. Data are representative of three independent experiments with similar results.](srep26278-f5){#f5}

![*In vivo* skin delivery of GFP using IMT-P8.\
Confocal images showing the internalization of IMT-P8-GFP in the mice skin. Mice skin was shaved one day before the start of the experiment. 30 μg of GFP, TAT-GFP and IMT-P8-GFP was applied to the shaved skin of mouse for 24 h. Frozen sections of skin tissues were obtained 24 h after the application of recombinant proteins and observed by a confocal laser scanning microscope.](srep26278-f6){#f6}

![*In vivo* skin delivery of KLA using IMT-P8.\
Confocal images demonstrating the topical delivery of KLA using IMT-P8. 15 μL of 1 mM peptides (FITC labeled KLA and IMT-P8-KLA) were topically applied onto a shaved area of mouse skin. Frozen sections of skin tissues were obtained 2 h after the application of peptides and observed by a confocal laser-scanning microscope.](srep26278-f7){#f7}

###### List of peptides examined.

  Peptide sequence[\*](#t1-fn1){ref-type="fn"}   Name          Length (aa)
  ---------------------------------------------- ------------ -------------
  RRWRRWNRFNRRRCR                                IMT-P8            15
  GRKKRRQRRRPPQ                                  TAT               13
  KLAKLAKKLAKLAK                                 KLA               14
  KLAKLAKKLAKLAKRRWRRWNRFNRRRCR                  IMT-P8-KLA        29

^\*^All peptides were FITC labeled at the N-terminus through amino hexanoic acid linker. The C-terminus of all peptides is free.
